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ABSTRACT 

Hydraulic model studies showed the original design of the underground 
stilling *asin and chute for the Navajo Main Canal headworks structure 
to be unsatisfactory. A number of modifications were developed to 
assure good energy dissipation, freedom from violent backwater flows 
against the 2 radial gates, and smooth flow conditions into the 17-112-ft, 
2-mi-long horseshoe tunnel. Heads varied from 15 to 126.5 ft  and dis- 
charges from 0 to 1800 cfs. Use of 15-deg sloping chutes extending from 
gate chamber invert to basin floor instead of parabolic chutes eliminated 
most heavy surging. The horizontal gate chamber inverts were joined 
t o  the chutes with 16-ft radii of curvature. The change in floor alinement 
occurred in the high pressure region upstream from the gate seats. A 
basin length of 89 ft provided the necessary energy dissipation. Vertical 
curtain wal ls  to prevent excessive backflow against downstream sides of 
the radial gates were placed with bottoms about 7 ft above the chutes and 
faces almost 31 ft downstream from the projected intercept of horizontal 
gate chamber inverts and the chutes. 

Maximum flows at minimum reservoir elevation are attained by allowing 
a part of the flow to overtop the cutain walls. Four large baffle piers 
effectively turned the flow upward and increased energy dissipation rate 
without danger of cavitation. An underpass-type wave suppressor 
located at downstream end of the basin provided excellent flow condi- 
tions in the downstream tunnel. 
DESCRIPTORS-- *stilling basins/ *radial gates/ laboratory tests/ 
hydraulic jumps/ research and development/ gate seals/ cavitation/ 
baffles/ hydraulic gates and valves/ *energy dissipation1 instrumen- 
tation/ hydraulics/ canals/ high pressures/ dischar es/  hydraulic 
structures/ / transitions/ structures/ / wave velocity piers/ model 
tests/ hydraulic models/ chutes/ tunnels 

7 
IDENTIFIERS-- *headworks/ curtain walls/ chute blocks/ backflowsl 
center piers/ design modifications/ horseshoe transitions/ *underground 
stilling basins/ wave suppressors/ spoilers 
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HYDRAULIC MODEL STUDIES OF THE MAIN CANAL OUTLET WORKS 
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PURPOSE 

Model studies were made to  obtain head discharge relationships and to 
develop a radial gate controlled, underground stilling basin that would pro- 
vide satisfactory energy dissipation, smooth flow in the downstream tunnel, 
and trouble-free operation. 

1. The performance of the initial basin was unsatisfactory. Large, objec- 
tional surges occurred in the downstream portion of the basin and in the 
horseshoe tunnel (Figure 9). 

2. The initial center dividing wall, extending the full length of the basin 
to the start of tine horseshoe transition, caused lateral differential heads 
to exist as the flow reached the downstream end of the basin, and a swing- 
ing motion was imparted to the flow in the tunnel. 

3.  The initial parabolic chute did not provide a stable hydraulic jump 
(Figure 9). Upstream and downstream movement of the toe of the jump 
caused heavy surging in the stilling basin, and backflow struck the down- 
stream side of the radial gates. 

4. Raising the invert of the gate chamber from elevation 5969 to eleva- 
tion 5975, and using a longer parabolic chute did not eliminate the unstable 
jump nor the backflow onto the radial gates. 

5. Elimination of the chutes by using 12-foot vertical drops extending to  
the basin floor just downstream from the radial gates produced very 
unstable and undesirable flow conditions (Figure 11 ). 

6. The use of 15" sloping chutes elimated most of the heavy surging 
that was characteristic of the flow with either parabolic chute (Figure 18). 
Although reduced in intensity, backflow still struckthe radial gates. 
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horizontal invert to  the 15' sloping chutes, and s tar t ingcbe curvature in 
the high-pressure region upstream from the radial gates, eliminated 
cavitation pressures and provided a well-directed jet along the chute 
(Figures 14 and 15). 

8. Four baffle piers located 48 feet dow-mtream from the chutes effec- 
tively turned a portion of the flow upward to aid in forming the jump 
(Figure 19B). The pressures acting on the baffle piers a r e  sufficiently 
high to  prevent cavitation damage under normal operating conditions 
(Figure 21). However, single-gate operation at high heads with dis- 
charges above 900 cubic feet per second (cfs) will result in cavitation 
pressures and should be avoided. 

9. Vertical curtain walls placed a short distance downstream from the 
gates, with the wall inverts f a r  enough above the chute to  allow passage 
of the jets, prevented backflow from striking the downstream sides of 
the radial gates (Figure 18). 

10. Within design discharge requirements and at zJ.1 gate openings, the 
jets resulting with reservoir  heads between 126.5 and 36 feet sweep the 
backwater free of the gates and the gates operate under f ree  discharge 
conditions (Figure 18). 

11. With reservoir  heads below 36 feet, the flows from the gates become 
intermittently and then completely submerged (Figure 19A). 

12. To pass the maximum discharge at the minimum reservoir head, the 
curtain walls must be overtopped (Figure 19A). A higher head loss than 

, t h a t  calculated for the upstream conduit, transitions, and gate chamber 
,will result in a discharge lower than 1,800 cfs a t  the minimum reservoir  - ..,,\, 

: p .  This occurrence i s  not expected. LA= 

13. An underpass wave suppressor with a solidupstream headwall and a 
slotted horizontal surface produced thk .necessary, almost rmooth, water 
surface in the downstream tunnel (Figur 

14. Balanced gate operation will provide the be sin performance and 
should be used for high-velocity, high-discharge releases. 

15. Regulation of the flow by the fixed-wheel gates located upstream from . 
the radial gates should be restricted t o  low reservoir  discharges o r  to  
emergency, situations because severely subatmospheric pressure conditions 
may occur along the curved invert between the gate chambers and the 15' i 

sloping chutes. 
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INTRODUCTION 

The Navajo Indian Irrigation Project is located in the northwestern corner 
of New Mexico (Figure 1). The headworks structure (Figures 2 and 3), 
the subject of this report, will draw water from the southwest side of the 
reservoir  created by Navajo Dam. The structure will pass discharges up 
to 1,800 cfs with reservoir  heads varying from 15 to 126.5 feet. Control 
will be maintained by two 9-foot-wide by 12-foot-high radial gates which 
discharge into an underground stilling basin. 

Two 9- by 12-foot fixed-wheel gates will be located just upstream from 
the radial gates to provide for emergency closures and to  isolate the radial 
gates for  normal maintenance work. A transition on the downstream end 
of the stilling basin w i l l  direct the flow into a tunnel. 

The tunnel w i l l  be approximately 2 miles long and may be either an 18-foot- 
diameter circular tunnel o r  a 17 - 112-foot horseshoe tunnel. A Parshall 
flume will be located at the downstream end of this tunnel to  measure the 
discharge. To increase the accuracy of the flume measurements, a smooth, 
relatively wave-free water surface must be provided in the tunnel. An 
upslope just downstream of the f irst  tunnel section w i l l  cause a backwater 
effect in the tunnel Bt all but the maximum discharge (Figure 7) .  

Releases through the headworks will supply water to  approximately 
110,000 acres  of irrigable land. The water will travel through an intri- 
cate distribution system approximately 150 miles in length. The system 
will be composed of tunnels, siphons, and lined and unlined canal reaches. 
Approximately 75 percent of the land will be supplied by gravity flow and 
the remaining portion by pumped flow. 

THE MODEL 

The tests  were conducted in a 1:16 scale model of the outlet works 
(Figures 4, 5, and 6). The model included a 13-112-inch-insidediameter 
inlet pipe 16 diameters long, a 3-foot-long, round-to-rectangular transi-  
tion, the gate chamber which included slots for the fixed-wheel gates, two 
radial gates (9- by 12-foot prototype), a divided stilling basin, a trans- 
parent plastic transition from the basin to  the downstream horseshoe tunnel, 
6 diameters of horseshoe tunnel, and a tailgate for regulating the water sur-  
face elevation. 



Flow was supplied by the main laboratory pumping system through cali- 
brated 4- and 6-inch Venturi meters. 

The radial gates were made of sheet metal with gages chosen to  corre- 
spond in scale to the approximate dimensions of the prototype gates (Fig- 
ures 4 and 6). The bottom surface of each gate w a s  equipped with a 
1/16-inch-thic~ solid rubber seal. The side and top seals were attached 
to  the gate seat structure. The side and top seals were made of hollow t 
refrigerator door rubber gasket material and were a i r  inflatable to simu- 
late pressurized seals on the prototype. After repeated seal ruptures, 
solid neoprene seals were used in place of the inflatable seals. Two 
stem lifting screws controlled the position of the gates. 

The gate chamber was made of brass plate and was flanged to fit the 
rectangular end of the transition and the stilling basin (Figure 5). 

The right side of the stilling basin and the downstream transition were 
made of transparent plastic to provide visual inspection and to permit 
obtaining photographic records of flow conditions. The basin was con- 
tained in an open, rectangular box. Chutes leading from the gate chamber 
to  the basin floor were separately fabricated and inserted within the main 
box. 

The model, as  initially designed, conformed in most details to the first 
prototype design. Later modifications to the model and to the prototype 
resulted in several minor deviations. The configuration of the final gate 
chamber roof and the roof of the model between the fixed-wheel gates and 
the radial gates differed as shown in Figure 17. The 19-foot diameter of 
the initial model horseshoe tunnel on the downstream end of the basin was 
retained a s  compared to the 17-foot 6-inch diameter selected after the 
maximum discharge requirement was reduced from 2,120 to 1,800 cfs. 
The arched roof of the stilling basin was not installed for final testing 
because previous tests showed that no adverse effects resulted from its 
use. 

INSTRUMENTATION 

Piezometers were placed in the model at various locations to obtain 
desired pressure head readings and to detect adverse pressure conditions. 
Most of the pressure measurements were made with single-leg, water- 
filled manometers. Diaphragm-type pressure cells and electronic record- 
ing equipment were used to obtain instantaneous pressures at critical 
piezometer locations. - 
The upstream head was measured with a single-leg water manometer set  
so  that the zero head level was at the gate invert elevation. The column 
was attached by a ring of four piezometers to  the circular inlet pipe 



1 diameter upstream (Station 4+18.50) from the round-to-rectangular 
transition. 

Records of water surface conditions in the downstream tunnel were 
obtained with a capacitance-type wave probe and electronic recording 
equipment. 

INVESTIGATION 

Most of the tests were made with the most severe operating conditions 
that could occur. These conditions were maximum discharges for  
either double- o r  single-gate operation at maximum head. Tests were 
also made at lesser  discharges and heads. The tailwater elevation was 
adjusted to conform to Curve A supplied by the Division of Design (Fig- 
ure 7). 

During the course of the study, the maximum design discharge w a s  
changed from 2,120 to 1,800 cfs. This changed the operating range of 
Froude numbers from initial values between 14.4  and 1.36 to final 
values between 10.7 and 2.16. 

Performance of the basin a s  initially designed was unsatisfactory (Fig- 
ure 9). The jump was very unstable and large objectional oscillations 
or  surges from the jump carried into the downstream tunnel. Also, 
intermittent heavy backflow struck the downstream sides of the radial 
gates. A number of modifications to the basin were made to correct 
these operating deficiencies. 

Chute Design 

Parabolic Chute with 6-foot Vertical Drop. --The criginal chute was of 
parabolic shape and followed the eqration x2 -- 530 y. The elevation 
change from gate invert to basin floor along the parabolic chute was 
6 feet (Figure 2). The position of the toe of the jump for heads at or  
above the normal reservoir water surface was very unstable. The toe 
occurred along the nearly horizontal portion of the chute and slight 
changes in head resulted in considerable upstream and downstream 
movement of the toe of the jump. The jet did not continually penetrate 
to the full depth of the basin pool and this resulted in variations in the 
sweepout force, o r  time rate of change of linear momentum. These 
characteristics resulted in heavy surges which carried into the down- 
stream portion of the basin and into the tunnel (Figure 9). .. The mag- 
nitude of the surging was sufficient to cause the tunnel to intermittently 
flow full. 



Horizontal Floor Extending from Gates through Basin. --A horizontal 
floor extending from the gates through the stilling basin at  elevation 
5969 was placcd in the model in an Stempt  to  provide a more stable 
jump ( ~ i ~ k - e  10). This eliminated the use of H chute entirely. How- 
ever, the modification was unsatisfactory because insufficient tailwater 
was available without the addition of lorge baffle piers to  confine the 
jump to the basin. 

Parabolic Chute with 12-foot Vertical Drop. --In an attempt to elimi- 
nate the backflow onto the radial gates, the gate structure and upstream 
tunnel were raised the maximum allowable distance of 6 feet (Fig- 
ure 4C). With the head on the gate invert decreased by 6 feet, tGe 
equation of the parabolic chute was modified to x2 = 506 y (Figure 3).  

Upstream and downstream moverc~ents of the toe of the jump were 
greater  with this design than with the previous parabolic design. The 
horizontal length of the chute was approximately 21-112 feet greater  
than the initial parabolic chute, providing a greater length and depth 
for movement of the toe of the jump. As with the previous chute design, 
the jet did not consistently penetrate the full depth of the basin, causing 
avariation in the sweepout force. With reservoir  heads of approximately 
80 feet, the toe of the jump had a total upstream and downstream move- 
ment of 45 feet. Large surging waves appeared to occur at resonance 
in the basm and occasionally overtopped the walls of the model o r  
reached a height of 40 feet (prototype) above the basin floor. The 
resonance effect also caused extremely heavy back surges to strike 
the downstream sides of the radial gates. 

Horizontal Floors with 12-foot Vertical Step. --Studies were made of 
the flow conditions resulting from a 12-foot vertical drop just down- 
stream from the gate lowersea l  plate. An extremely uk iab l e  type of 
flow resulted, s imilar  to  that reported ear l ier  by Bakhmetaffll and 
observed by ColgateZ!. With the tailwater lowered 1.6 feet b%low 
normal, the flow from the gates was directed downward into the basin 
(Figure 11A). However, with normal tailwater the flow was redirected, 
f irst  horizontally (Figure 1 lB), and subsequently upward (Figure 11C). 
With identical gate settings, flow from one gate was occasionally 
directed downward and flow from the other was directed upward (Fig- 
ure  11D). 

15' Sloping Chute. --In the designs with parabolic slopes the toe of the 
jumps moved upstream and downstream along the curvature where the 
slope varied from 0' to approximately 6'. By making the chute con- 
siderably steeper at the upstream end, movement of the jump would be 
greatly restricted because any incremental upstream and downstream 
movement would involve an appreciable change in elevation. Better, 

- IINumbers refer to  items in bibliography. 



smoother flow conditions would then result. Therefore, a slope of 15' 
was tested. With this design the movement of the jump wes mu&, less  
than observed with other designs, the surge waves were considerably 
reduced in size, and the jet penetrated to the full depth of the basin at 
moderate and high heads. Records of chute and floor pressures a re  con- 
tained in Figure 12. The records indicate rapidly fluctuating pressures 
on the chute in the neighborhood of the curtain wall. However, these 
pressures do not go below atmospheric more than a small percentage of 
the time and never reach the cavitation region. No damage is expected 
from the rapidly fluctuating pressures. 

Center Dividing Wall 

The original design contained a 188-foot-long center wall that extended 
the full length of the basin and into the downstream transition. With 
intense, random surging in the stilling basin, and with the surging on 
either side of the center wall not always in phase, head differentials 
often existed at the downstream end of the wa l l .  These head differentials 
imparted a lateral swinging motion to  the flow as it entered the tunnel 
and caused waves sufficiently high to  intermittently seal the tunnel. The 
same swinging motion existed for single-gate operation. 

To eliminate the swinging motion in the tunnel, the length of the wall was 
reduced to 52 feet. With the shorter wall, the flow in the downstream 
portion of the basin was more evenly distributed and no swinging motion 
was visible. The more even dist~ibution also existed for single-gate 
operation. A large 45O chamfer was provided on the downstream end of 
the wall to prevent flow from clinging to the surface and causing adverse 
pressure conditions. Pressure cell t races  obtained for selected positions 
on the chamfer showed that no adverse conditions existed (Figure 13). 

A structural change to the roof of the prototype basin was necessitated 
by the shorter center wall. With the initial design, the center wall was 
utilized as a supporting member for a flat roof. With the wall shortened, 
the increased span required an arched roof. 

Tunnel Transition 

Flaw coriditions in the square-to-horseshoe transition just upstream of 
the tunnel were unsatisfactory. The transition contained intersection 
lines which extended from the top corners at the upstream end to the mid- 
height of the conduit at the downstream end (Figure 9).  The flow near the 
water surface w a s  restricted by the relatively abrupt transitioning to the 
extent that the a i r  passage in the crown of the transition was nearly blocked 
off. The use of the arched roof over the basin made possible a more gradual 



transition which provided a smoother passage and more satisfactory flow 
conditions ( F i p r e  18). 

Pressures  on Gate Chamber Walls Near Seals 

Pressure  data were obtained on the gate chamber walls just upstream from 
the gate seals  (Figure 8) to study possibilities for  venting o r  relieving seal  
actuating pressures that might overextend the portions of the seals  that 
become exposed as the gates a r e  raised. The data were obtained at a dis- 
charge of 2,120 cfs and show that locations near the floor close to  the seals  
will be subjected t o  significantly lower pressures than surrounding a reas  
whenever appreciable flows a r e  occurring througn the gates. 

Gate Chamber Invert Modifications 

To prevent flow seyras ion  and possible cavitation pressures at the point 
of intersection of the horizontal invert of the gate chamber and the 15' 
chutes, the slope was  extended upstream from the gates into the high- 
pressure  region. To determine the optimum position and shape for the 
intersecting point, two piezometer-equipped 12-inch-high (314-inch model) 
false floor sections were utilized. In ofie section the change from the level 
floor of the gate chamber to  the 15' glope of the chute occurred abruptly 
(Figure 14A). In the other section, the horizontal and sloping sections 
were connected by a 16-foot radius curve (12-inch model) (Figure 14B). 
By placing special shims under the sections, the sections and hence the 
point of intersection, was moved upwara and upstream in  increments 
(Figure 14A). Each shim was 4 inches thick (114-inch model) and the 
addition of a single shim moved the intersecting point upstream approx- 
imately 15 inches (0.933-inch model). Readings of uressures occurrine 
along the floor were taken for each shape and ;him combination throughw- 
out the range of reservoir  heads and gate openings (Figcre 15). From 
these data, a 16-foot radius of curvature was selected t o  join the hori- 
zontal gate invert with the 15' sloping chute. The projected intercept of 
the two surfaces was located 41.19 inches upstream from, and 11 inches 
above, the new gate seal point. With this configuration, positive pres- 
sures  resulted throughout the curvature for  all operating conditions 
(Figure 15H). 

Backflow on the Radial Gates 

Backflow of water against the downstream sides of the r a d i d  gates 
presented a difficult problem because the elevation of the gate inverts 
was only 2. 68 feet (prototype) above the invert of the upstream portion 
of the horseshoe tunnel and was considerably below all tailwater eleva- 
tions resulting from tunnel friction and the backwater effect of the 
Parshall flume located at the downstream end of the tunnel. The dynamic 
forces of the backflow against the gates were undesirable because they 



would cause pounding on the gates and excessive wear and loading on the 
seals ,  gates, gate-operating equipment, and gate trunions. The gate 
structure and upstream tunnel could not be raised further because placing 
them at  any higher elevations would reduce the capacity of the system 
particularly at the lowest operating reservoir  levels. The decision was 
made to  develrl? curtain walls41 which would allow the passage of the jets 
under the walls, and would reztrict movement of the tailwater tovard the 
gates (Figures 16 and 18). 

Curtain W a l l  Location. --The selected location for the curtain walls was 
a compromise to obtain satisfactory flow cocditions for high-head and for 
low-head discharges. Fo r  high-head discharges and thinner jets, a 
curtain wall position slightly above the jet provided excellent flow condi- 
tions. However, with intermediate- and low-head discharges, the opening 
between the chute and the curtain wall became the control point, and the 
maximum discharge could not be passed. Raising the w a l l  resulted in an 
improvement of the low-head flow conditions, but impaired the higher 
head flow conditions by allowing flow to pass from the downstream side 
of the curtain walls to  the upstream side between the jets and the lower 
face of the walls. To eliminate as  much a s  possible the upstream move- 
ment of rhe flow and to maintain the control point at  the gates for all but 
extremely low-velocity flows, the curtain walls were placed 6 feet, 
11-9/16 inches above the chutes and 30 feet, 10-318 inches downstream 
from the projected intercept of the horizontal gate chamber inverts and 
the 15" chutes (Figure 16). The top of the walls was placed at elevation 
5987.55 s o  that overtopping could occur in order  that the outlet works 
could pass 1,800 cfs at  a 15-foot reservoir  head (Figure 19A). With 
this configuration and high-head flows, occasional overtopping of the 
wall in the upstream direction results; however, the magnitude is slight 
and the flow does not reach the gates (Figure 18). 

Shape of the Bottom of the Curtain Walls. --The inital shape of the bottom 
of the curtain wall was horizontal with sharp 90' corners at the upstream 
and downstream wall faces. A low-pressure a rea  existed immediately 
downstream from the upstream corner of the wall along the horizontal 
bottom. By means of dyes, flow from the downstream side of the wall 
was observed to move around the downstream corner of the wall in an 
upstream direction into the low-,pressure area. The momentum was 
sufficient to carry  the flow past the upstream face of the wall where it 
impinged on the jets from the gates. To improve :he flow conditions, 
the bottom of the w a l l  was cut at a 15' angle to p a a l l e l  the slopiag 
chute. This greatly reduced the amount of flow moving from the down- 
stream side to the upstream side of the wall, and hence the amount of 
water impinging on the jets from the gates. Instantaneous pressures 
obtained at  selected points along the bottom were found to rapidly 
fluctuate and to reach one-half atmosphere subatmospheric. In an 



attempt to  eliminate the rapidly fluctuating pressures,  a 195", 6-inch- 
radius lip was placed on the downstream lower side of the wall to  act 
as a spoiler (Figure 16). Instantaneous pressure  t races  revealed that 
a stabilizing effect resulted from this modification. The 6-inch-radius 
lip was then replaced by a larger  195O, 12-inch-radius lip. Instanta- 
neous pressure t races  still showed rapidly .fluctuating pressures 
(Figure 20); however, the lowest pressures were sufficiently high to  
prevent cavitation and ensuing damage. 

Cnute Blocks 

Chute blocks were used in the initial design (Figure 2); however, they 
were ineffective. Even with maximum reservoir  heads the jets seldom 
penetrated to  the position of the chute blocks at  the downstream end of 
the parabolic chute. The chute blocks used with the subsequent parabolic 
chute design also were  ineffective. With the 15O sloping chutes, chute 
blocks a r e  undesirable because they help break up the highvelocity jets 
with the result that greater depths of water would occur in the upstream 
portion of the basin. This would cause greater  backflows against the 
gates at most operating conditions and overtopping of the curtain walls 
from downstream when maxinium flows were passed at high reservoir  
elevations. F o r  these reasons, chute blocks a r e  not recommended for 
the final design (Figure 16). 

Baffle P i e r s  

The initial stilling basin contained four large baffle piers at  the down- 
stream end of the basin (Figure 2). The jump formed approximately 
75 to  100 feet upstream from the baffles; and thus, the baffle piers 
were completely ineffective. Much better results were obtained with 
baffle piers placed nearer  the upstream end of the basin. Fo r  initial 
pressure evaluation, the baffle piers were located 16 feet downstream 
from the end of the chutes. Instantaneous pressure t races  showed that 
severe cavitation pressures existed on the baffle piers at  this location. 
The piers were moved downstream to  a point 32 feet from the end of 
the chute, and additional instantaneous pressures  were obtained. The 
t races  revealed an improvement in the pressures; however, they were 
still sufficiently low t o  causc damage. Further movement of the baffle 
piers to  48 feet downstream from the end of the chute eliminated the 
severe subatmospheric pressures on the baffle piers while still  main- 
taining most of thei r  effectiveness (Figures 19B and 21). The baffle 
picrs conform in shape to those specified in Engineering Monograph 
No. 25 31; however, they a re  considerably larger.  The piers con- 
tained s&rp corners s o  a s  to increase the turbulence generating 
capacity and improve the basin performance. 



Single-gate operation at high heads and discharges above 900 cfs will 
result in undesirable pressures on the baffle piers and prolonged opera- 
tion should be avoided. 

Underpass Wave Suppressor 

An underpass wave suppressor (Figure 16) was found necessary to pro- 
vide a smooth water surface in the downstream tunnel. The wave heights 
in the tunnel with the recommended stilling basin but without the suppres- 
s o r  were 3.2 feet maximum, measured from trough to  crest .  By adding 
the recommended suppressor, the w w e  heights were reduced to  approx- 
imately 0.8 foot (Figure 22). The undersurface of the recommended 
wave suppressor was slotted to reduce the size of surges and also reduce 
the differential head acting on the suppressor. 

Gate Calibration 

The two radial gates were calibrated for single- and double-gate opera- 
tion for  piezometric heads in the approach tunnel (Station 4+18.50) 
ranging from 14 to  130 feet (Figures 23 a ad 24). Discharge curves were 
prepared in increments of 5 percent to a 30 percent gate opening and in 
increments of 20 percent from 40 percent to  full open. F o r  the calibration 
the gates were set to the desired opening, a s  measured vertically from 
the bottom of the gates to  the surfaces of the chutes. A vernier caliper 
maintained in the vertical position with the aid of a bubble level was used 
to set the model gate openings. The upstream head on the radial gate 
was adjusted by a gate valve on the upstream end of the model inlet pipe. 
The tailwater was adjusted to provide depths specified by the tailwater 
curve prepared by the design section for the 17-foot, 6-inch horseshoe 
tunnel with backwater from the Parshall flume and based on Manning's 
I 1  I 1  n of 0.013 (Figure 7 ,  Curve A). 

Operating Restrictions 

All normal regulation of the flow will be acc~mplished with the radial 
gates. If, however, control of the flow is attempted by the fixed-wheel 
gates located upstream of the radial gates, the control should be re- 
stricted to discharges at  low reservoir  heads. Higher head operation 
may cause severely subatmospheric pressure conditions along the 
16-foot-radius curve from the horizontal invert of the gate chamber 
to  the 15" sloping chute. 

Balanced gate operation will provide tL.e best basin performance and 
should be used for high-velocity, high-discharge releases. 

Singlggate operation a? high reservoir  heads and discharges above 900 cfs 
will result in undesirable pressures on the baffle piers and should be 
>avoided for prolonged operation. 













B. Downstream end of gate chamber showing l a t e  sca l s  attached 
to stationary s t ructure .  

NAVAJO MAIN CANAL OUTLET WORIG 

Model gate chamber 

1: 1G Model 





F I G U R E  7 
R E P O R T  HYD-536  

IS' Dia. Circular 

I 
12.0 I 

Curve A. 17'-6" Horseshoe 
tunnel with bockwater 

I- from Porshall flume.---- 
W 

10.0 / - 
W 
z 
z 
3 
I- 

8 .0 .  
Z - 
I 
C 
0. 
W 
n 

/ 

6.0 
/ 

5 
c * 

(L 

I 
--17'-6" Horseshoe tunnel 

without bockwoter 
from Porsholl flume, 

DISCHARGE-CFS 
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FIGURE 8 
:PORT HYD-536  
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B. Note large wave fo 

C .  Note large surge  wave.  

r e  9 
Keport Hyd-536 

NAVAJO MAIN CANAL OUTLET WORKS 

Unstable flow in initial still ing basin. Discharge 
2120 cfs ,  head 132.5 i t . ,  tailwater 15.75 i t .  

! .  I 1: 16 Model 



A.  Large baffle piers held jump in basin. 

B .  Jump swept from basin with baffle piers removed. 

NAVAJO MAIN CANAL OUTLET WORKS 

Unsatisfactory flow with gate invert level with basin 
floor. Discharge 2120 cfs, head 132.5 f t .  

1: 16 Model 



D. One jet directed upward, and thc other downward. Gates 
equally opened, tailwater normal. 

NAVAJO MAIN CANAL OUTLET WORKS 

Unstable flow with 12 foot vertical step downstream from 
gates.  Discharge 1800 CIS, head 80 f t . ,  gate opening 
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T I M E  - SECONDS 

lnstontaneous pressure head raodings of points on the chute and on the f ! ~ 5 r  of 
fhe basin. Discharge moo cfs., upstream head 126.5 ft., ta i lwater 14.35.fl. - 
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FIGURE I 3  
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lnstontoneous pressures heod traces obtained o t  end of center pier. 
Discharge Is00  cfs., upstream heod 126.5 ft., toilwater 14.35 f t .  

NAVAJO MAIN CANAL OUTLET WORKS 
PRESSURES AT END OF RECOMMENDED CENTER PIER 
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A. Section wltn aDrupr cnange lrom norlzontal gate cnarnurr invrrr  
to 15' slope. Shims were used to ra ise  sections and move point 
of intersection upstream. 

B. Section with 16-foot-radius curve connecting gate chamber invert 
and 15" slope. 

NAVAJO MAIN CANAL OUTLET WORKS 

Sections used in determining position and shape of inter-  
section of gate chamber floor and 15- sloping chutes. 



FIGURE 15 
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FIGURE 17 
fiEPORT H I D - 5 1 6  



... Y"YY'= C j O L L  UpFIaL'",.. YIaLIIPIgC A U " "  CAD, 

head 1 2 6 . 5  St., tailwater 14 .35  ft .  Note smooth 
water s u r f ~ c e  in tunnel. 







FIGURE ?I  
R E P O R T  H I D -  138  

3sf.hoqc woo c r s ,  upstreom head 126.5 fl. to t lwoter  14.35 fl 

NAVAJO MAIN CANAL OUTLET WORKS 
BAFFLE PIER PRESSURES - RECOMMENDED DESIGN 
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DISCHARGE - CFS 

NAVAJO M A I N  C A N A L  O U T L E T  WORKS 
DISCHARGE THROUGH TWO EQUALLY OPENED RADIAL GATES 

D A T A  F R O M  1 ' 16 MODEL 
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ABSTRACT 

~ ~ d r a u l i d  model studies showed the original design of the underground 
e i W n g  basin and chute fo r  the Navajo Main Canal headworks s t ructure 
to  be  .m?atisfaetary. A number of modificatione were developed to  
sseurr good energy dieslpation, frecdam from violent backwater flaws 
against the 2 radial gstcs. and smooth flow conditions into the 17-112-It. 
2-mi-long horaeshoe tunnel. Beads varied from 15 to  126.5 it  and dis- 
ehnrges from 0 t o  1800 cis. Use  of 15-deg sloping chutes extending from 
gate chamber invert to basin floor instcad of pnrsbalic chutes eliminated 
most heavy surging. The horlzontal gate chamber inverts were joined 
t o  the chutes with 16-ft radii of curvature. The :h:nge in floor alinement 
occurred in the high p ressure  region upstrears from the gate seats. A 
basin length of 88 ft provided the necessary energy dissipation. Vertical 
ourtatn walls to  prevent excessive h a ~ l d l o w  a g o b s t  downstream sides of 
the radial gates  were placed with bottome about 7 fl above the chutes and 
faces almost 31 It downstream f ram the projected intercept of horizontal 
gate chamber inveria and the chutes. 

hlnxlrnlirn flows at minimum reservoir  elevarlon nre attalned by oliowing 
a part of tho now to ovenq, the cutatn walls. Fmr lsrqc baffle piers  
e f f s~ t tve lv  turned the now uoward and increaseo enernv d i s e t ~ s t l o n  ra te  .~ ..... ~--, ~ - - ~ ~ - -  ~~- -~ 

without danger of caviirti;. An underpaes-type w& supp ' reaso~  
located a t  downstream end of the basin orovided excellent flow condi- 
tions in the downstream tunnel. 

ABSTRACT 

Hydraulic model studies showed the orlginvi desi of the underground 
sl t l l i#>g hadin and chute fo r  tho Navajo Maln ~ o n a f i e a d w o r k e  s tructure 
to  bc unaottaloctorv. A number of rnudlllcvtlona were develooed to  

gate chamber fnverta and the chutes. 

Maximum flows a t  minimum reservoir  elevatlon are attained by allowing 
o part  of the flow to overtop the cutain walls. Four large hafne p i s re  
effectively turned the flaw upward and Increased energy diss lp i lon  ra te  
without danger 01 cavitation. An underpssa-type wave suppreaaor 
located a t  downstream end of the h w i n  provided excellent flow candi- 
tions in the downstream tunnel. 

ABSTRACT ABSTRACT 

Hydraulic model studies showed the original design of the underground Hydraulic madel studies showed the original dcslgn of the u!>derground 
etilling basin and chute fo r  the Navajo Main Canal headworks s t ructure stilling basin and chute for thc Navajo Main Canal headworks a t ~ u a t u r e  
to  h e  uneatisfactory. A number of modifications were developed to  to  be unsatisfactory. A number of mdlf lcai ions were developsd to  
naeure good energy diseipation, frcedam from violent barbwater flows assure .pod energy dieslpatlan. Ireedom from violent backwater flows 
against the 2 radial gates. and smooth flow conditiana into the 17-112-ft. againqt the 2 radial gates. snd smooth flow condlilone into the 17.112-it. 
2-mi-long horseshoe tunnel. Heads varied from 15 to  126.5 i t  and dis- 2-ml-long horneshoe tunnel. Heads varied from 15 to  126.5 It and dis- 
charges from 0 t o  1800 cfa. Use of 15-deg sloping chutes extending from charges from 0 to  1800 cis. Uae of 15-deg sloping chutes extending from 
gate chamber invert  to basin floor instead of parabolic chutes eliminated gate chnmber invert to  basin floor instead of parabolic chutes eliminated 
mast  heavy surging. The horizontal gate chamber inverts were joined most heavy surging. The horizontal gate chamber inverts were joined 
to  the chutes with 16-11 radii of curvature. The change in floor aiinement t o  the chutes with 16-11 radli of curvature. The change in floor alinement 
occurred in the high p ressure  region upstream from the  gate seats. A occurred in the high p ressure  region "pet' ,.urn from the gate seats. A 
basin length of 89 it  provided the necessary energy dissipation. Vertical basin length of 89 f t  provided the neeemor; energy dissipation. Vertical 
curtain walls to prevent excessive backnow against downstream sides ol curtain vralls to prevent excesslva bncWlow againat downstream s ides  ol 
the radial gates were placed wlth bottoms about 7 It above the chutes and the radial gates were placed with bottoms about 7 It above the chutes and 
faces almost 31 It downsirearn from the projected intercept of horizontal faces almost 31 fl downstream from the projected intercept of horizontal 
gate chamber inverts  snd the chutes. gate chamber inverts  and the chutes. 

Maximum flows a t  mlnlmum rese rvo i r  elevation are attaincd by s l l o w i n ~  
e of the flow to overtop the cutaln wallo. Four large baffle p ie r s  - 

turned the Ilcw upward m d  increased energy dtsslpation ra te  
without dnneer d ~ c t ~ i i ~ t i ~ n .  An undemnss - twe  unve sumreenor 

ti&, in  the downstream tunnel. 

hF~XLmum flows s t  nlinimum rese rvo i r  elavailon ere attained by allowing 
e part  of the flow to  overtop the cutatn wnlle. Four large baffle p ie r s  
effectively turned the flow u p w a d  and increased energy diesipation r s t e  
without danger of cavitation. An underpass-type wave suppressor  
located a t  downstream end of the hnsin provided evfeilent flow candl- 
tions In the downstream tunnel. 
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